1 This study was performed to determine the eect and action mechanisms of sodium butyrate (NaB) on the growth of breast cancer cells. 2 Butyrate inhibited the growth of all breast cancer cell lines analysed. It induced cell cycle arrest in G1 and apoptosis in MCF-7, MCF-7ras, T47-D, and BT-20 cells, as well as arrest in G2/M in MDA-MB-231 cells. 3 Transient transfection of MCF-7 and T47-D cells with wild-type and antisense p53 did not modify butyrate-induced apoptosis. Pi®thrin-a, which inhibits the transcriptional activity of P53, did not modify cell growth or apoptosis of MCF-7 and T47-D cells treated with butyrate. These results indicate that P53 was not involved in butyrate-induced growth inhibition of breast cancer cells. 4 Treatment of MCF-7 cells with anti-Fas agonist antibody induced cell death, indicating that Fas was functional in these cells. Moreover, butyrate potentiated Fas-induced apoptosis, as massive apoptosis was observed rapidly when MCF-7 cells were treated with butyrate and anti-Fas agonist antibody. In addition, butyrate-induced apoptosis in MCF-7 cells was considerably reduced by antiFas antagonist antibody. Western blot analysis showed that butyrate increased Fas and Fas ligand levels (Fas L), indicating that butyrate-induced apoptosis may be mediated by Fas signalling. 5 These results demonstrate that butyrate inhibited the growth of breast cancer cells in a P53-independent manner. Moreover, it induced apoptosis via the Fas/Fas L system and potentiated Fastriggered apoptosis in MCF-7 cells. These ®ndings may open interesting perspectives in human breast cancer treatment strategy.
Introduction
Chemotherapy and radiation are widely used for cancer treatment. Common features of many anti-cancer drugs and radiation are induction of DNA damage followed by the activation of the tumour suppressor protein P53 as a mediator of their cellular eects. The accumulation and activation of wild-type P53 results in at least two pathways, cell-cycle arrest and apoptosis. P53-dependent G1 arrest is mediated by direct transactivation of the p21 WAF1 gene that encodes the inhibitor of cyclin-dependent kinases (Bates & Vousden, 1994) . How p53 triggers apoptosis is not completely elucidated, but it seems to involve both transcriptiondependent and -independent mechanisms (Sionov & Haupt, 1999; Sheikh & Fornace, 2000) . Several recent publications reported that anti-cancer drugs may induce apoptosis via the Fas/Fas L system (Yu et al., 1999; Glick et al., 1999; Sun et al., 2000) . Fas is a cell surface receptor comprising a type I integral membrane protein that expresses a cytoplasmic death domain and belongs to the tumour necrosis factor receptor superfamily (Nagata & Golstein, 1995) . Activation of Fas by its ligand (Fas L) or a cross-linking antibody results in the oligomerization of its intracellular death domain and the recruitment of pro-caspase-8 or -10, leading to the activation of these caspases which activate downstream caspases, resulting in apoptotic cell death (Juo et al., 1998) .
Butyric acid is produced during the fermentation of ®bre by endogenous intestinal bacteria and is also present in fruits, vegetables and milk fat. The sodium salt of butyric acid, sodium butyrate, inhibits cell growth by favouring cell cycle arrest and promotes dierentiation in normal as well as transformed cells (Barnard & Warwick, 1993) . Moreover, sodium butyrate induces apoptosis in a number of cancer cells (Mandal & Kumar, 1996; Bernhard et al., 1999; Giuliano et al., 1999) . Due to its growth-inhibiting and dierentiation-inducing ability, butyrate was tested in the treatment of leukaemia and solid tumours, together with analogues that have better pharmacodynamic properties, alone or in combination with other anti-cancer drugs (Miller et al., 1987; Conley et al., 1998) . In molecular terms, the action of butyrate is probably related to deacetylase inhibition, leading to hyperacetylation of chromatin components such as histones and nonhistone proteins and alterations in gene expression (Pazin & Kadonaga, 1997; cologically-induced global histone hyperacetylation leads to general gene transcription (Pazin & Kadonaga, 1997) . The genes responsible for inhibiting proliferation and inducing dierentiation or death by butyrate remain elusive, although some promising candidates have been identi®ed, e.g. the cycline-dependent kinase inhibitor p21 WAF1 (Archer et al., 1998) , c-myc (Heruth et al., 1993) and the anti-apoptotic bcl-2 gene (Mandal & Kumar, 1996) . It has also been demonstrated that butyrate decreases the level of P53 in transformed cells but induces apoptosis independently of p53 (Janson et al., 1997) . Bonnotte et al. (1998) described how butyrate potentiated Fas-dependent apoptosis induced by the exposing the cells to Fas L. In this work, we studied the eect of butyrate on the growth of breast cancer cells as well as its action mechanisms. In particular, we examined a possible causal role of P53 and Fas in butyrate-induced cell growth inhibition and apoptosis.
Methods

Cell culture
Breast cancer cell lines MCF-7, T47-D, BT-20, MDA-MB-231 were obtained from the American Type Cell Culture Collection. MCF-7ras cell line, established by transfecting vHa-Ras cDNA in MCF-7 cells (Sommers et al., 1990) , was a gift from Prof M. CreÂ pin (Laboratoire de Recherche Oncologie Cellulaire et MoleÂ culaire Humaine, UniversiteÂ de Paris Nord, France). Cells were routinely grown in EMEM medium supplemented with 10% foetal calf serum (FCS), 5 UI ml 71 insulin, 100 UI ml 71 streptomycin, 100 mg ml 71 penicillin, and 45 mg ml 71 gentamicin.
Cell growth assays
Monolayer growth Cells were plated in triplicate at a density of 45,000 cells/cm 2 in 60 mm dishes. Cells were allowed to adhere overnight, then treated with 1 mM butyrate for 5 days. At the end of the treatment, cells were harvested with 0.25% trypsin and counted using an haematocytometer. Cell viability was assessed by Trypan blue exclusion test.
Three-dimensional culture in type I collagen gel Collagen gel was prepared as described previously by Fauquette et al. (1997) . Brie¯y, eight volumes of 2 mg ml 71 collagen solution were mixed with one volume of EMEM 10X and one volume of 22.2 g/L sodium bicarbonate. A volume of 500 ml fresh medium containing 2610 5 cells was dispensed in 16 mm wells. After gel formation, 1 ml of fresh medium complemented with 10% FCS containing butyrate was added and changed every other day. Cells were treated with 1 mM butyrate for 5 days. At the end of the experiment, collagen gel was digested by 500 UI ml 71 of type XI collagenase and the number of cells was determined by haematocytometer count.
Anchorage-independent growth in soft agar Cells were seeded at a density of 5000 cells/cm 2 in 35 mm wells. The bottom layer was prepared with EMEM containing 10% FCS and 0.56% Bacto agar (Difco, U.S.A.). Cells were seeded on the upper layer in triplicate, in EMEM supplemented with 3% FCS containing 0.37% Bacto agar and butyrate. Cells were treated with 1 mM butyrate for 7 ± 10 days before colonies of at least 20 cells were counted.
Cell cycle analysis
Cells were treated with 2.5 mM butyrate for 24 or 48 h. Cells (1610 6 ) were trypsinized and ®xed in ethanol (70%, 7208C, 30 min). Fixed cells were washed with PBS and incubated with propidium iodide (20 mg ml 71 , 208C, 45 min). The cell suspension was then ®ltered and analysed using a Coulter Epics XL/XL-MCl cytometer.
Determination of apoptotic cells
Hoechst staining Apoptosis was determined by morphological analysis after Hoechst 33258 staining, as previously described (Toillon et al., 2000) . A minimum of 500 ± 1000 cells was examined for each case and the results expressed as the number of apoptotic cells over the total number of cells counted.
DNA laddering Cells were seeded in 60 mm dishes. After 48 h of treatment with butyrate, apoptotic DNA fragmentation was detected, as previously described (Staley et al., 1997) using the ApoAlert TM LM-PCR Ladder Assay kit (Clontech, U.S.A.).
Subcellular fractionation
Pre-con¯uent cells were washed twice with PBS and collected in 1 ml extraction buer (50 mM HEPES pH 7.0, 50 mM KCl, 5 mM MgCl 2 , 5 mM EDTA, 10 mg ml 71 leupeptin, and 1 mM PMSF). Cells were lysed by ®ve cycles of freezing in liquid nitrogen and thawing at 378C. The crude lysate was centrifuged (100,0006g, 1 h at 48C) and the resulting supernatant was separated from the pellet. The pellet (membrane and organelles) was resuspended in 1 ml extraction buer and the supernatant (cytosol) was concentrated through a 3 kDa molecular weight cut-o amicon membrane (Pall Filtron Corporation).
Western blot
Pre-con¯uent cell cultures were washed with PBS and lysed for 30 min at 48C in lysis buer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 1 mM PMSF, 1 mM orthovanadate, 1 mM Na 4 P 2 O 7 , 10 mg/ml aprotinin, and 10 mg ml 71 leupeptin). The lysate was sonicated, boiled, and clari®ed by centrifugation (13,0006g, 5 min at 48C). The protein concentration of each sample was determined using a Biorad protein assay kit. Each sample was then loaded onto 5% stacking/12% running SDS polyacrylamide gel. Immunoblots were incubated with primary antibody (1 : 1000 dilution, overnight at 48C). Detection was performed using a goat anti-mouse or a rabbit anti-goat secondary antibody (1 : 2000 dilution, 1.5 h at room temperature) and an ECL detection system (Amersham).
Transient transfections
(GFP) cDNA (Clontech) and wild-type p53 or antisense p53 expressing vector (Iotsova & Stehelin, 1995) . Brie¯y, 2610 5 cells were seeded into 35 mm dishes and the following day, cells were transfected with 0.5 mg GFP-plasmid, 0.5 mg plasmid of interest, and 10 ml transfection reagent (lipofectamine for T47-D cells, and lipofectine for MCF-7 cells) in 1 ml Opti-MEM (Life Technologies, Inc.). After transfection, cells were cultured for a further 18 h in FCS-containing medium and treated with butyrate for an additional 24 h. Cells were then ®xed in 4% paraformaldehyde for 20 min at 48C and stained with Hoechst for apoptosis detection. A random count of 500 GFP-positive cells was performed for each assay.
Materials
All cell culture reagents were obtained from BioWhittaker (France) except insulin which was obtained from Organon (France). Sodium butyrate, Hoechst 33258, Trypan blue, and electrophoresis reagents were from Sigma (U.S.A.). Caspase inhibitors, Fas antagonist and agonist antibodies were from R&D Systems (U.K.). Anti-Fas (B-10) antibody for Western blot, anti-P53 (DO-1), anti-Bcl-2 (100) and anti-actin (1 ± 19) antibodies were from Santa Cruz Biotechnology (U.S.A.). Anti-Fas L antibody for Western blot (clone 13) was from Transduction Laboratories (U.S.A.). Anti-Bax (Ab-3) antibody was from Calbiochem (France). ECL reagents were obtained from Amersham Life Science (France).
Statistical analysis
Statistical signi®cance was measured by Student's paired t-test. P for each data set is shown in the legend.
Results
Butyrate inhibits breast cancer cell growth under various culture conditions
In monolayer culture and collagen I gel, cell growth was inhibited in all the cell lines tested after 5 days of treatment with 1 mM butyrate (Figure 1 ). In soft agar culture, colony formation was strongly reduced by 1 mM butyrate in all the cell lines tested (Figure 1) . Besides reducing the number of colonies, butyrate also reduced the size of colonies in these cells (data not shown). Under all cell culture conditions, cell growth inhibition was more pronounced with 2.5 mM butyrate than 1 mM (data not shown).
Butyrate accumulates breast cancer cells in G1 and G2/M phases of the cell cycle
The distribution of breast cancer cells in dierent phases of the cell cycle was analysed after 24 and 48 h treatment with 2.5 mM butyrate (Figure 2) . A decrease in the number of cells in the S phase was observed for all cell lines after 24 h treatment. After 48 h treatment, MCF-7, MCF-7ras, T47-D, and BT-20 cells were accumulated in G1 phase, whereas MDA-MB-231 cells were accumulated in G2/M phase.
Butyrate induces apoptosis of breast cancer cells
When cells were treated with butyrate for 24 h, MCF-7, MCF-7ras and BT-20 were induced into apoptosis in a dosedependent manner, T47-D cells were only induced into apoptosis by 2.5 mM butyrate, and no apoptosis induction was observed in MDA-MB-231 cells (Figure 3 ). When cells were treated for 48 h, butyrate induced apoptosis in a dosemanner in all the cell lines tested except MDA-MB-231. Moreover, the percentages of apoptotic cells were higher after 48 than 24 h treatment (Figure 3) . Analysis of DNAfragmentation using a semi-quantitative ligation-mediated PCR assay showed a typical DNA ladder in MCF-7 and MCF-7ras cells treated with 2.5 mM butyrate for 48 h ( Figure  4) . However, no DNA ladder was detected in T47-D, MDA-MB-231, and BT-20 cells (Figure 4) , suggesting that T47-D and BT-20 cells may undergo apoptosis without internucleosomal fragmentation of DNA.
Butyrate modulates P53, Bcl-2 and Bax levels As growth inhibition of breast cancer cells by butyrate is due to inhibition of proliferation and apoptosis induction (Figures 2 and 3) , we performed immunoblots to determine the levels of dierent proteins controlling cell proliferation Figure 5 shows that, in MCF-7 cells, butyrate increased P53 and Bax levels but decreased Bcl-2 levels, while, in T47-D cells, butyrate increased Bax levels but did not modify P53 and Bcl-2 levels.
P53 is not involved in butyrate-induced growth inhibition of breast cancer cells
As MCF-7 and T47-D express functional P53 (Sheikh et al., 1994) , we next determined whether P53 was involved in butyrate-induced inhibition of proliferation and apoptosis. Cells were initially treated with 20 mM pi®thrin-a, which speci®cally inhibits the transcriptional activity of P53 (Komarov et al., 1999) . As shown in Figure 6 , pi®thrin-a did not modify cell growth inhibition ( Figure 6A ) or apoptosis induction ( Figure 6B ) when MCF-7 and T47-D cells were treated with 2.5 mM butyrate for 48 h. This suggested that the transcriptional activity of P53 was not involved in butyrate-induced growth inhibition. To further verify the role of P53 in butyrate-induced apoptosis, we transiently co-transfected cells with GFP cDNA and one of two p53 cDNA constructs: antisense or wild-type. As shown in Figure 7 , transfection of MCF-7 and T47-D cells with all vectors increased basal apoptosis (by about 20%). However, when cells transfected with empty vector were treated with 2.5 mM butyrate for 24 h, a signi®cant increase in apoptosis was observed compared to the control. In addition, neither wild-type nor antisense p53 modi®ed butyrate-induced apoptosis when compared to empty vector-transfected cells. 
Butyrate-induced apoptosis in MCF-7 cells is reduced by caspase inhibitors and involves Fas signalling
In current apoptosis models, an initial proapoptotic stress activates various caspases. In order to determine the transduction pathways involved in butyrate-triggered apoptosis, we treated MCF-7 cells with 2.5 mM butyrate in the presence or absence of cell-permeable caspase inhibitors for 48 h. As shown in Table 1 , general caspase inhibitor as well as those of caspase-1, -2, -4, -9 -10 and -13 reduced butyrateinduced apoptosis by about half. To determine whether butyrate-induced apoptosis involved Fas signalling, we treated cells with anti-Fas agonist antibody and butyrate, alone or in combination, for dierent periods of time ( Figure  8 ). Apoptosis increased after 20 h treatment with anti-Fas agonist and 24 h treatment with butyrate. When cells were treated with butyrate and anti-Fas agonist in combination, apoptosis was induced more rapidly, as a large percentage of apoptotic cells (about 15 ± 20%) was already observed after 16 h treatment and about 50% of cells showed signs of apoptosis after 24 h treatment. Anti-Fas antagonist antibody had no eect on the basal apoptosis levels of MCF-7 cells, but it eciently inhibited butyrate-triggered apoptosis ( Figure  9 ), indicating that the basal apoptosis of breast cancer cells did not involve the Fas/Fas L system, while butyratetriggered apoptosis did.
Butyrate increases Fas and Fas L protein levels in MCF-7 cells
Since butyrate-induced apoptosis was modulated by anti-Fas antibodies, we determined whether butyrate could regulate Fas and Fas L levels. As shown in Figure 10 Fas levels in whole-cell extracts and membrane fractions increased after 16 h treatment with butyrate and the increase continued up to 24 h treatment. Concomitantly with the increase in membrane Fas, cytosolic Fas levels decreased with treatment time, suggesting a translocation of Fas from the cytosol to the membrane. Fas L levels were slightly increased by butyrate after 16 h treatment.
Discussion
In this study, we have demonstrated that butyrate inhibits growth of all breast cancer cells analysed in monolayer culture, collagen gel, and soft agar. Three-dimensional collagen gel culture is closer to the in vivo situation than monolayer culture, and anchorage-independent growth in soft agar has been used extensively in clinical and experimental oncology as an in vitro indicator of malignancy. Our results indicate that butyrate has a wide spectrum of action on breast cancer cells. Moreover, butyrate induced cell cycle arrest in G1 and apoptosis in MCF-7, MCF-7ras, T47-D and BT-20 cells, and arrest in G2/M in MDA-MB-231 cells. These data demonstrate that butyrate is a potent growth inhibitor, not only for hormone-dependent MCF-7, MCF7ras, and T47-D cells, but also for hormone-independent BT-20 and MDA-MB-231 cells. Therefore, butyrate could aect breast cancer cells, both in early (oestrogen-responsive) and advanced (oestrogen-resistant) stages of breast cancer development. Figure 5 Western blot analysis of P53, Bcl-2, and Bax in MCF-7 and T47-D cells. Pre-con¯uent cells were treated with 2.5 mM butyrate for dierent periods of time. Proteins (20 mg) were electrophoresed and Western blots were performed as described in Methods. The experiment was repeated three times. The loading and transfer of equal amounts of protein were con®rmed by immunodetection of actin. Figure 6 Eect of pi®thrin-a on butyrate-triggered growth inhibition and apoptosis. MCF-7 and T47-D cells were treated with 2.5 mM butyrate in the presence or absence of 20 mg ml 71 pi®thrin-a for 48 h. Viable cell number (A) and apoptosis (B) were determined as described in Methods. The Figure shows the results of a triplicate assay in one experiment, which is representative of three independent experiments. *P50.01.
British Journal of Pharmacology vol 135 (1) Butyrate induces apoptosis of breast cancer cells V. Chopin et al
The P53 protein is a sequence-speci®c transcription factor that plays an important role in coupling DNA damage to the growth arrest and/or apoptotic response. However, we demonstrated that P53 was not involved in butyrate-induced growth inhibition of breast cancer cells in several ways: ®rstly, butyrate induced apoptosis and/or cell accumulation in the cell cycle of BT-20 and MDA-MB-231 cells which express a mutant, non-functional P53 (Sheikh et al., 1994) ; secondly, transient transfection with wild-type and antisense p53 did not modify butyrate-induced apoptosis in MCF-7 and T47-D cells, which express functional P53 (Sheikh et al., 1994) (Figures 6 and 7) ; ®nally, pi®thrin-a, which inhibits the transcriptional activity of P53 (Komarov et al., 1999) , did not modify cell growth or apoptosis in MCF-7 and T47-D treated with butyrate. These results are in agreement with the ®ndings of Janson et al. (1997) who reported that butyrate induced P53-independent apoptosis in ®broblasts. The P53-independent growth inhibitory eect of butyrate is of major interest, as 15 to 60% of breast tumours contain p53 mutations (Bautista & Theillet, 1997; Hartman et al., 1997) .
Fas is a cell surface receptor and belongs to the tumour necrosis factor receptor superfamily (Nagata & Golstein, 1995) . It has recently been reported that Fas is implicated in the induction of apoptosis during mammary gland involution (Song et al., 2000) . Defects in the Fas/Fas L apoptotic signalling pathway provide a survival advantage to cancer cells and may be implicated in tumorigenesis. Indeed, expression of Fas L by breast cancer cells is associated with the loss of Fas expression, thus eliminating the possibility of self-induced apoptosis. Moreover, Fas L-expressing tumour cells may be capable of avoiding host T cell-mediated immune control by eliminating activated anti-tumour T cells (Muschen et al., 2000; Mullauer et al., 2000) . Signi®cantly, constitutive down-regulation of Fas is involved in drug resistance (Landowski et al., 1997) and associated with a poor prognosis in breast cancer (Reimer et al., 2000) . On the other hand, Fas is also implicated in anti-cancer drugs triggered apoptosis (Yu et al., 1999; Glick et al., 1999; Sun et al., 2000) . In this study, we demonstrated that butyrate induced apoptosis in MCF-7 breast cancer cells via the Fas/ Fas L system, as a functional knockout of the Fas system by Fas antagonist antibody eciently reduced butyrate-induced apoptosis (Figure 9 ). Western blots analysis showed that butyrate increased both Fas and Fas L levels ( Figure 9) . Moreover, the increase in membrane Fas was due to a translocation from the cytosol to the membrane, as demonstrated by the concomitant decrease in cytosolic Fas levels ( Figure 9 ). Yu et al. (1999) reported that Vitamin E succinate can convert Fas-resistant human breast cancer cells to the Fas-sensitive phenotype by translocating cytosolic Fas to the membrane. Our results indicate that Fas translocation is also involved in Fas-sensitive cells. Bonnotte et al. (1998) reported that butyrate potentiated Fas-dependent apoptosis in colon cancer cell lines, although it did not increase Fas receptor expression or modify the levels of Bcl-2, Bcl-x L , Bcl-x S , and Bax. We show here that butyrate increased Bax and decreased Bcl-2 levels in MCF-7 cells ( Figure 5 ). The increased Bax/Bcl-2 ratio favours the pro-apoptotic action of Bax. Indeed, it has been reported that Bcl-2 may exert its anti-apoptotic activity partly by inhibiting the translocation of Bax from the cytosol to the mitochondria (Nomura et al., 1999; Murphy et al., 1999) . It has also been reported that Figure 7 Eect of butyrate on the induction of apoptosis in cells transfected with p53. MCF-7 and T47-D cells were transiently cotransfected with a pL15TK plasmid containing wild-type (wt) or antisense (as) p53 cDNA and a pEGFp-C1 plasmid containing GFP cDNA (Clontech). Transfected cells were treated with 2.5 mM NaB for 24 h, then processed for apoptosis determination as described in Methods. The Figure shows the results of a triplicate assay in one experiment, which is representative of three independent experiments. *P50.01. Fas-induced apoptosis is enhanced by mitochondrial insertion of Bax, which activates cytochrome c release and complete processing of caspase-7 like caspases in MCF-7 breast epithelial cells (Murphy et al., 1999) . In accordance with these reports, it has been reported that overexpression of Bcl-2 protects cells from butyrate-induced apoptosis (Mandal & Kumar, 1996) . Overall, our results demonstrating that butyrate inhibited cell growth in a P53-independent manner and enhanced Fasinduced apoptosis may open up interesting prospects for the treatment of human breast cancer. As down-regulation of Fas is associated with a poor prognosis in breast cancer (Reimer et al., 2000) , it remains to be determined whether butyrate treatment will prove useful in the ®ght against advanced breast cancer.
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